As cultures of Escherichia coli progressed from the exponential growth phase to the stationary growth phase, the phospholipid composition of the cell was altered. Unsaturated fatty acids were converted to cyclopropane fatty acids, and phosphatidyl glycerol appears to have been converted to cardiolipin. With dual isotope label experiments, the kinetics of synthesis of cyclopropane fatty acid for each of the phospholipids was examined in vivo. The amount of cyclopropane fatty acid per phospholipid molecule began to increase in phosphatidyl ethanolamine at a cell density below the density at which this increase was observed in phosphatidyl glycerol or cardiolipin. The rate of this increase in phosphatidyl glycerol or in cardiolipin was faster than the rate of increase in phosphatidyl ethanolamine. After a few hours of stationary-phase growth, all the phospholipids were equally rich in cyclopropane fatty acids. It is suggested that the phospholipid alterations observed are a mechanism to protect against phospholipid degradation during stationary phase growth. Cyclopropane fatty acid synthetase activity was assayed in cultures at various stages of growth. Cultures from all growth stages examined had the same specific activity in crude extracts.
the stationary growth phase, the phospholipid composition of the cell was altered. Unsaturated fatty acids were converted to cyclopropane fatty acids, and phosphatidyl glycerol appears to have been converted to cardiolipin. With dual isotope label experiments, the kinetics of synthesis of cyclopropane fatty acid for each of the phospholipids was examined in vivo. The amount of cyclopropane fatty acid per phospholipid molecule began to increase in phosphatidyl ethanolamine at a cell density below the density at which this increase was observed in phosphatidyl glycerol or cardiolipin. The rate of this increase in phosphatidyl glycerol or in cardiolipin was faster than the rate of increase in phosphatidyl ethanolamine. After a few hours of stationary-phase growth, all the phospholipids were equally rich in cyclopropane fatty acids. It is suggested that the phospholipid alterations observed are a mechanism to protect against phospholipid degradation during stationary phase growth. Cyclopropane fatty acid synthetase activity was assayed in cultures at various stages of growth. Cultures from all growth stages examined had the same specific activity in crude extracts.
Several changes in bacterial lipid composition have been reported to occur during the transition from the exponential growth phase to the stationary growth phase. The accumulation of cyclopropane fatty acids during this time has been reported in Serratia marcescens, Lactobacillus sp., and Escherichia coli (for reviews, see 14, 24) . Cardiolipin (diphosphatidyl glycerol) has been observed to accumulate during the stationary phase in Clostridium butyricum (1), Staphylococcus aureus (9) , and Thiobacillus thiooxidans (28) . The disappearance of phosphatidyl glycerol has been noted in E. coli (11) . The accumulation of 0-amino acid esters of phosphatidyl glycerol has been reported in S. aureus (9) and in C. welchii (18) . Isolation and analysis of fatty acids. Fatty acids were isolated and esterified as previously described (5) . A Barber column 5000 instrument with a column (6 ft by 2 mm) of 10% Apiazon L on 60/80 mesh Chromosorb W was used for gas chromatography. A temperature program of 2 C rise per minute from 190 to 260 C was used to separate the fatty acid methyl esters. Identification of the fatty acids was accomplished by comparison of retention times with the retention times of authentic standards. "IClabeled fatty acid methyl esters were fractioned as previously described (5) .
Materials. L-14C-H3-methionine and S-adenosyl-Lmethionine-methyl-l'C were purchased from New 
RESULTS
The cyclopropane fatty acids of E. coli are cis-9,10-methylene hexadecanoic acid and lactobacillic acid (cis-11,12 methylene octadecanoic acid) (3, 14) . It has been shown that all of the counts incorporated into E. coli fatty acid from 14C-H8-methionine are found in the cyclopropane fatty acids (3, 17) , and that the labeled carbon of these fatty acids is the methylene carbon of the cyclopropane ring (20) . Law and co-workers (17, 32) have demonstrated in vitro that the substrate for cyclopropane fatty acid synthesis is an unsaturated fatty acid present in an intact phospholipid.
Kinetics of cyclopropane fatty acid synthesis. Figure 1 shows the kij~etics of incorporation of 82p and of 4C-Ha-methionine into the unfractionated phospholipids of AB301. Control experiments have shown that 97% of the 14C-}H-methionine incorporated into phospholipids is found in fatty acids. Cyclopropane fatty acid synthesis (140 incorporation) shows the characteristic lag (compared with the growth curve) of AB301 (4) and other E. coli strains (14) (15) (16) (17) (18) , whereas 82p incorporation is a direct function of growth.
Thin-layer chromatograms of lipid extracts of E. coli AB301 yielded five radioactive spots (Fig.  2) . The spots were identified by their behavior in all three thin-layer solvent systems and by the behavior of their deacylation products upon paper chromatography. Spot 1 is cardiolipin (diphosphatidyl glycerol), which has recently been reported in E. coli (6, 10, 22) . Spot 2 is phosphatidyl glycerol and spot 3 is phosphatidyl ethanolamine, both of which have been previously reported in E. coli (10, 11, 22) . Spots 4 and 5 migrated as though they could be lyso-phospholipids, phosphatidyl serine, or 0-amino acid esters of phosphatidyl glycerol. They were not further characterized because they comprise only about 0.1% of the total phospholipids. The amount of 3P incorporated into phospholipids in this experiment indicated that 7.85% of the dry weight of the cell was phospholipid. This is consistent with established values (10, 14, 22 (Fig. 3) . The kinetics of cyclopropane fatty acid synthesis for phosphatidyl glycerol and cardiolipin were nearly the same, but the small difference was reproducible and may be signifcant. After about 3 hr of stationary growth, all of the phospholipids seemed to be equally rich in cyclopropane fatty acids, as has also been observed in E. coli B (10). Interconversions of phospholipids. Figure 4 shows what appears to be the conversion of phosphatidyl glycerol to cardiolipin during growth. The-conversion seems to be quantitative, as was recently shown in T. thiooxidans (28 (24) has shown the same activity in Aerobacter aerogenes and L. arabinosus. This activity was demonstrated in E. coli AB301 by either of the assay systems described in Materials and Methods. Assay 1 was routinely used because of the nonlinear behavior of assay 2. Assay 1 was linear for at least 15 hr (0.2 mg of protein from 4-hr cells), whereas assay 2 was linear for only 10 min under the same conditions. Assay 2 had the same rate as assay 1 for 10 min, then dropped to about 7% of the original rate; addition of S-adenosyl methionine-methyl-'4C restored the initial rate. The only enzyme known to be present in such extracts of E. coli which degrades S-adenosyl-methionine in these amounts is homocysteine:S-adenosyl-methionine methylase (26) . This enzyme transfers the methyl group of S-adenosylmethionine to homocysteine to form methionine (26) . This transfer disrupts assay 2 because the resulting methyl-labeled methionine cannot be reactivated as it can be in assay 1. This enzyme is found in K-12 strains of E. coli, but not in B or W strains (26) . It seems that this enzyme is responsible for the nonlinearity of assay 2, because extracts of E. coli B gave identical cyclopropane fatty acid synthesis with either assay system for 85 min.
The amount of enzyme activity was constant for cells from any growth phase tested (Table 1) . Thus, the hypothesis of induction or derepression as a method of control is unlikely. The activity was the same as that found in E. coli B (specific activity = 8.34 X 106) and close to that found in S. marcescens (34) . The lack of difference shown in Table 1 was not due to inhibitors, because assays of mixtures of the supernatant fluids gave activities which were the sum of the activities of the components of the mixture. This experiment also ruled out differences which might be due to variations in the soluble substrate.
The limited stuLation of enzyme preparations from stationary phase cells observed upon the addition of lipid was only found when the preparations were fresh. When these preparations were stored, activity was lost and the endogenous lipid (about 15 ,g per mg of protein) in the supernatant fluid was not limiting under the assay conditions used. The finding that the endogenous lipid present in such preparations is a substrate indicates that the unsaturated fatty acids remaining in stationary-phase cells are available for cyclopropane synthesis in vitro, not in vivo (Table 3) . Table 2 shows that most of the radioactivity incorporated into fatty acid in vitro is found in the cyclopropane fatty acids. Lactobacillic acid constituted a much higher proportion of the total cyclopropane fatty acid when the in vitro preparation was compared with the in vivo preparation (Table 3) .
During growth, the only fatty acid changes observable by gas chromatography were the increase in cyclopropane fatty acids and the concomitant decrease in unsaturated fatty acids Fig. 1 for the correlation of the culture ages given with the growth phase.
b Supernatant fluid was boiled for 5 min.
( Table 3 ). The cyclopropane fatty acid data obtained by gas chromatography (Table 3) agrees with the results of the isotope incorporation studies (Fig. 1) . (5) , and the saturated fatty acids were separated on a dodecane impregnated silica gel thin-layer plate and counted (5) . The only radioactive spots found on this plate were the cyclopropane fatty acids. (Fig. 2) . This finding indicates that an intact phospholipid is the substrate for this reaction in vivo as well as in vitro (32, 34) . It has been postulated (33) that the acylation of added cyclopropane fatty acids may be an alternative pathway for the formation of phospholipids containing cyclopropane fatty acids. To account for the results in Fig. 2 , this hypothesis would require the operation of a mechanism which would place certain fatty acids in a specific phospholipid. Such a specific mechanism has not been observed in bacteria, as the fatty acid compositions of the different phospholipids of a bacterial species are identical (8, 10, 32) . This hypothesis is also contradicted by the currently accepted pathways for the formation of E. coli phospholipids (11, 12, 29) .
The phospholipid alterations which occur during the transition from log phase growth to stationary phase growth may be thought of as the adaptation of the bacteria to new environmental conditions. Thus, several investigators have studied such changes in altered environments. It has been shown that the amount of cyclopropane fatty acid in E. coli can be increased by growth at high temperature (15, 23) , in acid medium (15) , and under low oxygen tension (15) . The amount may be decreased by growth in a limiting carbon source (16, 23, 27) , limiting sulfate (16), or limiting magnesium (16), but not by limitation of the nitrogen source (16, 23) or of phosphate (16) . A small amount of cyclopropane fatty acid is always formed, even under the most adverse conditions. AB301 synthesizes considerable cyclopropane fatty acid when grown on limiting methionine (unpublished data). Methionine auxotrophs require much less methionine for normal growth than is needed for normal cyclopropane fatty acid synthesis (13; unpublished data).
The function of cyclopropane fatty acids is unknown. Law et al. (17) have postulated that the cyclopropane ring may be formed to protect double bonds from oxidation, but the control mechanism would be difficult to explain because low oxygen tension increases the amount of cyclopropane fatty acid (15) . Another possible function of the cyclopropane fatty acids may be that these phospholipid alterations serve to protect the phospholipids from degradation at a time when resynthesis would be difficult owing to sluggish metabolism (stationary-phase growth). This is an attractive hypothesis because of the following observations: (i) the phospholipid biosynthetic rate of resting cells is only about 0.5% that of growing cells (31) ; (ii) stationary-phase cells contain appreciable phospholipase activity, as assayed on rat liver phospholipids (25) ; (iii) phospholipid content does not decrease in stationary-phase cells (Fig. 1) ; and (iv) once formed, cyclopropane fatty acids are stable during log (unpublished data) and during stationary phases (17; unpublished data). Thus, it appears that stationary-phase cell phospholipids are somehow protected from degradation. Perhaps it is not a coincidence that the phospholipids (phosphatidyl glycerol and cardiolipin) which are poor in cyclopropane fatty acids during exponential growth show rapid turnover in this growth phase, but the more heavily cyclopropane substituted phospholipid phosphatidyl ethanolamine shows little turnover (10, 11) . The conversion of phos-
